This article introduces the Mitochondria theme of the Annual Review of Biochemistry, Volume 85.
INTRODUCTION
Aerobically living organisms meet their energy requirements mainly by oxidative phosphorylation. In a number of steps, they transduce the potential energy contained in foodstuffs into potential energy stored in the phosphoanhydride bonds of adenosine triphosphate (ATP). To this end, they transfer redox equivalents in the form of hydride ions or electrons in a stepwise fashion in three respiratory chain complexes to generate a transmembrane gradient of protons, which is then converted into ATP by the F 1 F o -ATP synthase complex. Together these processes constitute the oxidative phosphorylation system (OXPHOS) that is located in the mitochondria. Therefore, mitochondria are often called the powerhouses of the cells. Yet, mitochondria mediate a plethora of other important functions. They house a number of metabolic pathways, such as synthesis of amino acids, lipids, ubiquinones, heme, steroid hormones, and Fe-S clusters, as well as degradation of fatty acids and proteins. Moreover, mitochondria are integrated in a vast number of cellular processes. They exchange a large diversity of components, such as metabolites, nucleotides, membrane lipids, and ions, with other cellular compartments. They import macromolecules, such as proteins and RNAs, and export Fe-S clusters for the formation of Fe-S proteins. In complex ways, mitochondria are involved in processes like programmed cell death, autophagy, and protein quality control. They form physical contacts with other organelles, such as the endoplasmic reticulum and lysosomes.
Mitochondria have a complex architecture. They are delimited from the cytosol by two different membranes, the outer membrane and the inner membrane. The inner membrane encloses the mitochondrial matrix, which is densely filled with enzymes catalyzing numerous reactions. It consists of the inner boundary membrane, which is closely attached to the outer membrane and the cristae, invaginations of the inner boundary membrane that contain the complexes of oxidative phosphorylation. The outer membrane is permeable to molecules up to a molecular weight of approximately 800 Da; larger molecules such as proteins need translocators for transit. The movement of molecules across the inner membrane is mediated by specific translocator proteins.
Mitochondria are intimately connected with the rest of the cell. They participate in a large number of cellular metabolic pathways, and they have decisive roles in apoptosis and autophagy. Unsurprisingly, mitochondria play a role in many diseases, such as neurodegeneration, metabolic unbalance, and cancer. Mutations in mitochondrial genes and in genes for nuclear-encoded proteins that are imported into the mitochondria lead to numerous and rather frequent diseases, mainly related to energy metabolism. The detailed understanding of mitochondrial structure, function, and biogenesis will be of major importance for further studies of these diseases and for rational approaches to develop therapies.
The mitochondrial genome is a major and unique aspect of mitochondrial biogenesis; however, this genome encodes very few proteins. The articles in this theme describe the dramatic progress that has been made during recent years in the understanding of mitochondrial replication, transcription, and translation systems and the composition and function of these systems. Some 250 proteins are required for these processes, which make up 15-20% of the whole mitochondrial proteome. They are all encoded by the nuclear genome, translated by cytosolic ribosomes, and imported into the mitochondria by a number of protein translocases that guide proteins from the cytosol into the various mitochondrial subcompartments (1).
THE EVOLUTION OF MITOCHONDRIA
It is widely accepted that mitochondria originated by endosymbiosis of a host cell with an aerobic bacterium. Although the nature of the host is rather ill defined, there is general agreement that the endosymbiont was an α-proteobacterium. When integration of the genome of the endosymbiont into the host genome began is unclear. Estimates range from approximately 0.6 to 1.5 billion years (Gy). This event can be considered a hallmark in eukaryotic evolution that drastically changed life on our planet. A set of several thousand genes became available to the host, among them genes that enable the use of oxygen for oxidative phosphorylation. Oxygen began to be produced by photosynthesis of blue-green algae during the preceding one or two Gy.
What happened to the genes of the endosymbiont has fascinated many evolutionary biologists. Apparently, a large fraction was transferred to the nucleus, and another part was discarded. To complicate the situation even more, genes were acquired by lateral transfer from other organisms, such as bacteriophages. In the end, very few genes are still present in the former endosymbiont, now the mitochondrion. In the human cell, the remaining genes encode 13 proteins, 2 rRNAs, and 22 tRNAs. In yeast, only 8 protein genes remain. Sequencing of many mitochondrial genomes has provoked many speculations on the evolutionary pathways that led to the reduction of the mitochondrial genome. Many controversies presently exist, because evolutionary lineages can be traced, but the possibility of extensive horizontal gene transfer may considerably obscure the reconstruction of the evolutionary processes.
A major and rather puzzling question is why a few protein and RNA genes have not been transferred to the nuclear genome during the approximately 1 Gy of mitochondrial evolution. Unexpressed reading frames of such proteins have been found in the nuclear genome of some organisms. In certain organisms, some genes that are maintained in human or yeast cells have been successfully transferred to the nuclear genome, where they are functional, leaving only as little as two protein genes left in the mitochondrial genome.
Maintenance of a genome that comprises so few proteins and rRNAs occurs at the high cost of maintaining the nuclear subgenome of some 250 protein genes required for gene expression in the mitochondria. Transfer of these few mitochondrial genes would make redundant the complete machineries of gene expression within the mitochondria. One possible explanation for this puzzling situation is that the proteins encoded by mtDNA are exceptionally high in their hydrophobicity of membrane proteins and the transport of these membrane proteins after synthesis on cytosolic ribosomes would not be possible. Experiments to express these genes in yeast after changing their genetic code and relocating them to the nucleus yielded negative results. However, this explanation may not be the full answer. Highly hydrophobic membrane proteins that were apparently present in the endosymbiont's genome are now encoded by nuclear DNA and imported into the mitochondrial inner membrane. One interesting example is the NAD(P) + transhydrogenase, a mitochondrial inner membrane protein that contains 14 predicted hydrophobic transmembrane segments and, despite this, is encoded by a nuclear gene. Compared with the bacterial homolog, the mitochondrial protein has a much lower hydrophobicity of its transmembrane segments. Thus, a possible explanation for the incomplete domestication of the endosymbiont may be that in most membrane proteins, mutations that make the protein competent for import could be introduced. In the few remaining membrane proteins, such mutations would not be tolerated due to potential interference with the quite elaborate functions of their transmembrane segments in electron and proton transport. Other theories explaining the maintenance of the mitochondrial genome have been put forward, such as one implying that expression of genes for protein subunits of energy-transducing enzymes must respond to environmental changes by means of a direct and unconditional regulatory control. According to this hypothesis, an entire redox regulatory system has to be retained within the original membrane-bound compartment (2) .
The maintenance of a complete gene expression system may not only be a burden in terms of energetic costs. The high mutation rate of mitochondrial genes and possible mutations in the nuclear-encoded proteins dedicated to the synthesis of the few mitochondria-encoded proteins might also represent a burden to the cell. Disease-associated mutations are rather frequent in the mitochondria-encoded proteins of respiratory complexes I and IV, but mutations are also found in nuclear-encoded proteins of the mitochondrial gene expression system.
The history of domestication of the endosymbiont, however, is only one aspect of mitochondrial evolution. Almost any process in mitochondrial biology cries out for enlightenment of its evolutionary background, very much in accordance with Dobzhanksy's statement that "nothing in biology makes sense, except in the light of evolution" (3). This statement holds true for the articles in this theme, in which evolution pops up behind almost every question regarding mitochondrial gene expression. These articles add an exciting new dimension to these debates. The near-atomic structures of mitochondrial ribosomes of different species provide the basis for comparing structural details of bacterial ribosomes and allow entirely new ways to discuss evolutionary pathways. Obviously, evolution of mitochondria was, and probably still is, a playground of evolution in which numerous paths were tried and taken.
ORGANIZATION AND REGULATION OF MITOCHONDRIAL PROTEIN SYNTHESIS
The article by Ott and colleagues (4) is focused on two aspects of mitochondrial protein synthesis. First, the authors describe how the reduction of the mitochondrial genome has influenced the mechanism of translation and the structure of mitochondrial ribosomes (mitoribosomes). Second, they discuss the mechanisms and regulation of the expression of the mitochondrial genes that encode components of the respiratory chain and the ATP synthesis machinery. Both aspects are closely related to the stunning diversity of the evolutionary pathways of the mitochondrial gene expression system. The authors illustrate this with a comparison mainly of human with yeast mitochondria but also elaborate on the mitochondria of more primitive organisms.
An initial point they make addresses the amazing variation in the organization and complexity of the mitochondrial genomes of diverse eukaryotic lineages. They compare the yeast and mitochondrial genomes, which differ in genome size by a factor of almost 5 (75 kb versus 16.5 kb, respectively), but the yeast genome encodes only 8 and the human genome encodes 13 proteins. Yeast does not contain a complex I of the respiratory chain and lacks the 7 mtDNA-encoded subunits present in the human genome. These differences nicely illustrate the stochastic progress of evolution. There is no correlation between the size of the genomes and the number of proteins encoded. A number of fascinating insights have come from the sequencing of Jacobid flagellates, protists that diverged early from the lineages that led to fungal and metazoan organisms. Members of the Jacobid family have retained in their mitochondrial genomes some 90-100 genes, apparently acquired from the endosymbiont (5) .
The factors of the reductive evolutionary process in these organisms would certainly be interesting to discover. Another puzzling question is why some fungal and plant organisms contain introns that are spliced out from premessenger RNAs with or without the help of nuclear-encoded or mitochondria-encoded maturases. This raises questions concerning how these introns were acquired-directly from the bacterial endosymbiont or later by horizontal gene transfer-and if the evolution of spliceosomes is related to endosymbiosis (6) .
Coevolution of proteins and RNAs appears to play an important role, although in only a few cases can it be substantiated. One example is coevolution of the structures of mitochondrial tRNAs and of proteins interacting with them. Some mitochondrial tRNAs have only an acceptor or an anticodon arm. This finding correlates with compensatory changes in aminoacyl tRNA synthetases and in proteins of the mitoribosomes.
A major drawback in the analysis of mitochondrial translation was and is the lack of in vitro systems in which the numerous steps can be taken apart and reconstituted, in the same way as has been done with the bacterial and cytosolic systems. Attempts in that direction have been made during the last almost 50 years without success. Protein synthesis works fine in isolated mitochondria, but as soon as mitochondria are opened by mechanical fragmentation or lysis with detergent, translation is practically completely blocked. The reason for this is not known; probably, the firm association of mitoribosomes with the inner membrane, coupling of translation with membrane insertion, or other factors play a role. The progress made in studying mitochondrial translation was mainly by analyses in vivo and in organello as well as by study of individual factors and enzymes but not in reconstituted systems.
A hallmark of mitochondrial translation is the firm membrane attachment and cotranslational insertion mechanism of mitochondrial gene products. The inner membrane does not contain evolutionarily retained components of the SecYEG machinery of bacteria, and mitoribosomes do not dissociate from the membrane when nascent chains are released, suggesting they are constantly bound by physical interaction. The protein Mba1 in yeast and its mammalian homolog are likely candidates for this function. However, a bacterial protein, YidC, has a homolog in mitochondria, Oxa1, that has retained its original function. Oxa1 appears to act as a membrane insertase, not only for mtDNA-encoded proteins but also for a subclass of membrane proteins encoded by nuclear genes that are imported from the cytosol. Members of this subclass are proteins of bacterial origin. Therefore, this mode of protein import is termed conservative sorting. Oxa1 appears to also play a role in the folding and assembly of its client proteins. In yeast the situation is further complicated by the existence of a homolog, Oxa2, which may cooperate with Oxa1 but does not bind ribosomes.
The details of the process of translation, with its numerous steps of initiation, elongation, and termination, offer exciting insights into the tinkering in mitochondrial evolution. For instance, although initiation occurs like in bacteria through deciphering AUG codons by formylated f-MettRNAMet, mitochondrial mRNAs do not contain Shine-Dalgarno sequences and lack 5 UTRs (untranslated regions) and to a large degree 3 UTRs. Furthermore, in some cases the structures of mitochondrial tRNAs are rather different from bacterial tRNAs, as they lack acceptor or anticodon arms. Initiation, elongation, and termination factors are conserved to a considerable degree, however, with quite a number of exceptions and alterations, e.g., use of termination codons other than UAG.
Very recently, the structures of mammalian and yeast mitoribosomes were determined to near atomic resolution by cryo-electron microscopy (cryo-EM) high-resolution methods. These structures have provided exciting new insights into the function and evolution of mitochondrial protein synthesis. Detailed studies of the similarities and differences among these various types of mitoribosomes and comparisons with bacterial and cytosolic ribosomes are now possible. In combination with the existing large body of biochemical and genetic studies, they reveal a number of unexpected novel principles in the mechanism of protein synthesis in mitochondria. The authors of this article describe the impressive progress in the analyses of the structure and function of mitochondrial ribosomes. Because the next article by Greber & Ban (7) presents the same subject, though from a different angle, this issue is discussed later in this introductory preface.
Biogenesis of mitochondria and their OXPHOS complexes must be regulated to adapt to varying metabolic conditions. In addition, the different functions of mitochondria in the various cell and tissue types require expression of specific protein patterns. Metabolic adaptations, developmental processes, tissue diversification, stress, and damage of mitochondria necessitate differential expression of nuclear and mitochondrial genes and modification of the gene products. Furthermore, the production of new protein components of OXPHOS complexes encoded by both genomes must occur in stoichiometric amounts. How these processes are regulated is largely unknown, in particular how tightly both genetic systems are coordinated in their activities. For example, yeast cells can grow in the presence of chloramphenicol, which blocks mitochondrial translation and again leads to a drastic reduction of the mtDNA-encoded components of complex III, complex IV, and the F 1 F o -ATP synthase complex, but the levels of nuclear-encoded proteins remain unchanged or only slightly reduced.
During recent years, however, many new exciting insights into the control mechanisms for expression of mtDNA-encoded proteins have been made. In yeast, a general regulatory pathway for all the various genes is lacking, but as a result of a number of evolutionary processes, sets of protein factors regulate the expression of individual proteins synthesized on mitoribosomes. These translational activators were first discovered by analyzing yeast mutants defective in respiratory growth. The best understood activators are for subunits 1, 2, and 3 (Cox1, Cox2, and Cox3) of complex IV (cytochrome oxidase) and for cytochrome b of complex III (Cytb). A total of seven activators were identified in the synthesis of Cox subunits, and a total of four in the synthesis of Cytb. The functions of the individual factors are diverse and overlapping. Some stabilize the mRNA, others bind to the ribosome, and others support assembly; the chaperone mtHsp70 and heme b are further factors. Complex pathways cover the numerous steps: binding of the transcript, association with the ribosome, stabilization and protection of the nascent chain, release into the membrane bilayer, as well as folding and assembly with other subunits. Feedback loops, including binding and release of factors, can influence the translational activity of the ribosome and link successful assembly with ribosomal activity.
Detailed models for the translational regulation of expression of complexes III and IV are put forward in the present article that provide an excellent basis for further deep analysis of the molecular functions of the individual translational activators. In these models, the authors propose two conceptual principles for the action of translational activators. First, they suggest that regulation of the expression of these factors encoded in the nucleus controls the levels of their mtDNAencoded client proteins. Second, the feedback loop of translation stimulation and its subsequent quenching by binding to assembly intermediates can represent an efficient regulatory mechanism. Interestingly, few of the translational activators seem to be conserved between yeast and mammalian cells. The variations of pathways and factors involved in the regulation of expression of the few remaining genes within the mitochondria represent another illustration of the puzzling evolutionary tinkering in the domestication of the bacterial endosymbiont.
Finally, the authors discuss a rather surprising recent report describing a large complex in which a huge number of proteins and RNAs form a superorganization to coordinate mitochondrial gene expression. This MIOREX (mitochondrial organization of gene expression) complex mediates numerous processes, from posttranscriptional RNA maturation to protein translation.
The
STRUCTURE AND FUNCTION OF THE MITOCHONDRIAL RIBOSOMES
Ribosomes are the workbench on which the various tools for translation act in a highly complex and coordinated manner. The articles by Ott et al. (4) and by Greber & Ban (7) discuss the recent exciting developments in analysis of the mitochondrial ribosome structure. The authors of both articles have made decisive contributions to determine the structures of both subunits and complete ribosomes. Previous work has revealed the structures of the large subunit, and now the authors discuss the complete 55S mammalian ribosome. Ott and colleagues (4) emphasize the comparison of yeast and mammalian mitoribosomes, whereas Greber & Ban (7) concentrate on the mammalian ribosomes. The most impressive dissection of whole ribosomes to a nearatomic resolution of approximately 3.5 Å was possible by advanced single-molecule cryo-EM. In this way, the chains of the rRNAs as well as those of approximately 80 different mitochondrial ribosomal proteins (MRPs) were traced. This method enabled a plethora of insights into not only the structure but also the function of the mitoribosome. The structures were determined in parallel work, but the results are in amazing agreement. They allow unprecedented views of the steps of the translational process and in this way overcome the shortcomings of the lack of reconstituted in vitro systems.
Only a few of the exciting functional and evolutionary aspects can be introduced here. The mammalian (and insect) 55S mitoribosome consists of the 28S small subunit (SSU) and the 39S large subunit (LSU). Each subunit contains one rRNA, the SSU a 12S RNA, and the LSU a 16S RNA. When compared with bacterial as well as cytosolic ribosomes, a number of unusual properties of mitoribosomes become apparent. First, mitoribosomes do not contain a 5S RNA that is present in the LSU of the other type of ribosomes. Second, mitoribosomal rRNAs are about half the size compared with bacterial and cytosolic ribosomes. Their proteins are approximately 70% of the total mass, in contrast to the other types whose proteins are approximately 30-50% of total mass. Therefore, the mitoribosome is smaller in size and the structure is much richer in protein-protein interactions than in protein-RNA interactions. Amazingly, only about half of the MRPs have bacterial homologs; the other half are specific for mitoribosomes. These extreme differences are accompanied by a large number of alterations of the functional sites at and in the mitoribosome. The rRNAs are present in the core of the subunits and are covered by the MRPs, which form a coat. It appears now that the additional MRPs do not simply occupy the space occupied by the rRNA as in other types of ribosomes; instead, they compensate for their function and add new functionalities. Moreover, protein-protein contacts play a more important role in stabilizing the structure of mitoribosomes.
A conspicuous example of evolutionary tinkering is the loss of 5S RNA in mitoribosomes and its compensation. 5S RNA has essential functions in the structure and dynamics of the translation cycle of bacteria and metazoans. Evolution has reached different solutions to compensate for this loss in yeast and humans. In humans, a mitochondrial tRNA substitutes for the 5S RNA. In yeast, however, the site corresponding to the location of the 5S RNA, the central protuberance of the large ribosomal subunit, is formed around extension segments of the rRNA. This may reflect a general difference in the strategy of both types of mitochondria, as fungal rRNAs comprise almost twice the number of nucleotides compared with their metazoan counterparts. The authors suggest that the variations in the sizes of rRNAs and mitochondrial genomes indicate an evolutionary www.annualreviews.org • Mitochondrial Gene Expressionpath that in metazoans is directed to reduction but in fungi is directed to expansion. This and other observations led the authors to speculate that prior to rRNA contraction in metazoans, rRNA-stabilizing proteins were recruited and rRNA contraction led to increased protein-protein interactions.
A further stunning example of evolutionary tinkering is the recruitment of proteins that stabilize the mitoribosomes upon reduction of the size of their rRNAs. About half of the mammalian MRPs do not have bacterial homologs. Some of these mitoribosome-specific proteins had obviously quite different functions before they were integrated into the mitoribosomal structure, as they show homology to proteins involved in other functions, e.g., lipid binding and redox metabolism. Their original functions have subsequently been lost.
Important changes in comparison with the bacterial ancestor ribosome have also been found in other areas of the mammalian ribosome. Because mitochondrial mRNAs do not have 5 UTR sequences, their recognition is altered in mitochondria. Accordingly, the mRNA entry site on the 28S SSU is considerably remodeled.
Another interesting aspect of evolutionary remodeling regards the structure of the polypeptide tunnel in the LSU. The lining of the tunnel wall in bacterial and cytosolic ribosomes by the rRNAs is changed to a lining of mainly proteins that expose hydrophobic residues of the channel. This structure may favor passage of the highly hydrophobic proteins synthesized on mitoribosomes. Further interesting adaptations have occurred at the exit of the tunnel; these adaptations are probably related to the tight interaction of the ribosomes with the inner membrane and the cotranslational mode of membrane insertion.
Despite all the drastic changes of the mitoribosome, its functional center is strongly conserved. A, P, and E sites are very similar to those in other ribosome types in nucleotide sequence and structure. This similarity might reflect the ancient evolutionary invention of the enzyme that synthesizes peptide bonds, being not a protein but an RNA. Still, the protein environment of the peptidyl transfer center has been remodeled, as revealed by differences in the antibiotic sensitivities of bacterial and mitoribosomes.
Importantly in this context, the structure of the mitoribosome of metazoans is rather different from those of other kingdoms of life, in particular of fungi, plants, and protozoa. Determination of more ribosomal structures will perhaps shed light on the processes of expansion and contraction of rRNAs and the mitochondrial genome.
The amazing progress in the molecular dissection of mitochondrial protein synthesis has a number of practical implications. One aspect is the sensitivity of mitoribosomes to antibiotics. Because the peptidyl transferase center is quite conserved, bacterial antibiotics in a number of cases affect mitochondrial functions. The pathogenic effects of chloramphenicol and erythromycin constitute a well-known medical problem, which is a reason why they are banned from medical use. Another example is aminoglycoside streptomycin, which causes ototoxicity with high frequency. The structural resolution by cryo-EM appears to be sufficient to study the interaction of these antibiotics with the human mitoribosome in detail. This future study may allow for designing new antibiotics that do not interfere with mitochondrial protein synthesis.
MAINTENANCE AND EXPRESSION OF MAMMALIAN MITOCHONDRIAL DNA
In the final article in this series, Gustafsson and colleagues (8) describe the molecular mechanisms of transcription and replication of mtDNA and discuss the present knowledge about the structure of the nucleoid in which mtDNA is packed together with proteins.
The mechanisms of mitochondrial transcription in humans seem to be relatively uncomplicated compared with transcription of bacterial and nuclear genomes. A major reason is that in principle only two promoter sites exist for the start of transcription: the heavy-strand promoter (HSP) and the light-strand promoter (LSP) on the highly condensed mtDNA. Basically, the whole genome is transcribed from both promoters, with the exception of the two rRNA genes and the noncoding regulatory region, to form two large transcripts that are barely seen under steady-state conditions because to a large extent they are processed cotranscriptionally. The job of generating individual mRNAs, rRNAs, and tRNAs is then left to a number of RNases that make specific cuts and to enzymes that process pre-RNAs generated in a number of ways. Bases are modified, CCA trinucleotides are added to tRNAs, and polyA tails are added to mRNAs. RNases also establish the required levels of mRNAs, rRNAs, and tRNAs.
This unusual way of transcription is reflected in the origin and functions of the factors involved in transcription. The discovery that mitochondrial DNA-directed RNA polymerase (POLRMT) is related to the RNA polymerase of T7 bacteriophages came as a great surprise. The replacement of the bacterial enzyme by a bacteriophage enzyme that is nuclear encoded and composed of more than 1,000 amino acid residues is a remarkable step in the evolution of mitochondria. It is an interesting example of horizontal gene transfer and of evolutionary tinkering. Remarkably, this exchange must have happened early in the domestication of the endosymbiont, as this type of RNA polymerase is also present in yeast. But this exchange did not occur before the Jacobids diverged from a common ancestor, as the Jacobids contain a four-subunit bacteria-like RNA polymerase encoded by mtDNA (4). In yeast, the mtDNA has a very different structure with noncoding regions, introns, and a completely different arrangement of genes, and transcription of the mtDNA starts at many different promoters.
Likewise, the mitochondrial transcription factors have a surprising evolutionary origin. Mitochondrial transcription factor B2 (TFB2M) supports initiation, for which purpose it transiently interacts with POLRMT, and is related to an ancestral methyltransferase. TFB1M is related in sequence to TFB2M but still acts as a methyltransferase. Curiously, TFB1M also methylates the 12S rRNA and is involved in the biogenesis of the ribosomal SSU. Mitochondrial transcription factor A (TFAM) is a member of the high mobility group (HMG) protein family with multiple functions. It binds to the promoters, and it bends, melts, and unwinds mtDNA. TFAM coats the entire DNA and in this way contributes to the formation of the structure of nucleoids.
The mitochondrial transcription elongation factor (TEFM) is similar to a nuclear transcription elongation regulator; thus, in this case an evolutionary relationship with the genome of the endosymbiotic host may exist. Several functions have been ascribed to TEFM: interacting with POLRMT at the promoter, supporting transcription of longer RNA stretches, and bypassing mutations.
The mitochondrial transcription termination factor family (MTERF1-4) seems to populate another corner of evolutionary tinkering. MTERF1 could be involved in the production of very high steady-state levels of rRNAs in comparison with low levels of mRNAs and seems to mediate early termination and/or reduce possibly unfavorable antisense transcription. Roles of the other MTERF family members are also not completely understood. A common function appears to be their ability to unwind DNA and to evert short stretches of nucleotides. Interestingly, depletion of MTERF3 and MTERF4 causes an embryonic lethal phenotype, whereas depletion of MTERF1 does not. A number of possible roles for members of this family have been proposed; these roles include presence in the nucleoids, binding to promoter regions, coordination of transcription and translation, and assembly of ribosomal subunits.
Another fascinating aspect of human mitochondrial transcription is the processing of the initial transcripts. For example, mitochondrial RNase P (mtRNase P), a tRNA processing enzyme, does not share significant homology with other RNase Ps. It lacks a catalytic RNA component that is present in all other known RNase P enzymes, and it appears to be a composite of three subunits: a tRNA methyltransferase; a short-chain dehydrogenase/reductase family member; and a protein of unknown function and evolutionary origin, possibly representing the enzyme's metallonuclease moiety. Apparently, the evolution of mitochondrial transcription factors became another wide playground of evolution after loss of the bacterial ancestor's transcription system (9) .
Unsurprisingly, mitochondrial replication is also not related to that of bacterial and nuclear DNA. Gustafsson and colleagues (8) discuss first the components involved in replication and then its mechanism in detail. The mtDNA polymerase γ (POLG or POLγ) is a heterotrimer, consisting of POLγA as the catalytic subunit and two POLγBs as accessory subunits. Both subunits are essential, as their deletion causes embryonic lethality. POLγA belongs to the family of bacteriophage and bacterial DNA polymerases and contains a proofreading domain that confers very high accuracy of replication. POLγB enhances the catalytic activity of POLγA in metazoans and is absent in yeast. A further essential component is the replicative mitochondrial helicase (TWINKLE), which catalyzes the unwinding of the double-stranded DNA. POLRMT is another component of the replication machinery; it synthesizes the RNA primer required for initiation of transcription. Furthermore, the single-stranded DNA-binding (SSB) protein stabilizes nascent single strands of the replication fork.
The authors then guide the reader through the model of strand-specific displacement mode (SDM) to convey the basics of the rather complex replication process. This lucid review prepares the reader for what is to come, delving into the very details to describe a full picture of the whole. The authors also discuss differences with another model, the ribonucleotide incorporation throughout the lagging strand (RITOL) model, and explain why they prefer the SDM model.
Reading the further discussion on the mechanism of the mtDNA replication mechanism, it becomes clear why despite some 40 years of research in this field many questions remain unanswered. One reason is the complexity of the process, another one the complexity of the methodology applied to unraveling this multistep process. The subsequent section reports on the current state of open questions of initiation and termination, the two origins of replication, the synthesis and function of the RNA primers, the coupling of H-and L-strand replication, the mechanism of strand displacement, degradation of the RNA primers by RNase H, and termination by ligation of DNA to form the new circular DNA molecule. A discussion of equal complexity is then dedicated to the mechanisms of DNA replication regulation. At least four different mechanisms are proposed to exist. Obviously, more research on this important aspect of mitochondrial biogenesis and the interplay between the mitochondrial and nuclear genomes is needed.
An important motivation for the meticulous investigation of mtDNA replication is the frequency of human diseases due to mutations of mtDNA. These mutations are apparently caused by errors in replication and damage from toxic processes. In particular, oxygen radicals that can be generated by a defective respiratory chain are damaging. Mutations also accumulate during aging and are made responsible for progressive reduction of mitochondrial performance. mtDNA needs to be packaged and covered with proteins. Proteins associated with mtDNA, made visible by fluorescent dyes, occur as defined spots, the nucleoids. Nucleoids appear to have key functions with regard to gene expression and inheritance of mtDNA, such as control of copy number and organization of replication, transcription, and translation.
Mitochondrial nucleoids were discovered almost four decades ago, yet our knowledge about nucleoids is still fragmentary. Biochemical isolation and characterization of mammalian and yeast nucleoids turned out to be difficult. Their structural instability and contamination with other cellular structures are major problems. There is general agreement that components of the transcription and replication machinery are present in the nucleoids of both mammalian and yeast mitochondria, such as TFAM, TWINKLE, and SSB. Yet, consistently in several studies proteins that are known to reside in other unrelated mitochondrial structures or that have functions that cannot be rationalized in the context of the supposed role of nucleoids have been identified. Examples are the enzymes aconitase and subunits of pyruvate dehydrogenase as well as the adenine nucleotide translocator. Proteins which are more likely to play a role in nucleoids are the prohibitins, for which a large number of functions in mitochondria have been proposed, or the yeast Yme2 protein, which is involved in DNA release from mitochondria. Promising tools to determine the molecular structure of nucleoids include high-resolution microscopy techniques, which allow for a precise measurement of the size of nucleoids, their DNA content, and localization of proteins. A further important question is the possible association of nucleoids with the mitochondrial inner membrane. Biochemical experiments have strongly suggested this possibility, and a number of recent observations with super-resolution microscopy have confirmed the presence of nucleoids in association with cristae (10) . These findings may significantly help us understand the mode of propagation of nucleoids during fission and fusion of mitochondria.
In mammalian organisms, the inheritance of mtDNA during development follows a rather complex pathway. During germ cell development, mtDNA goes through a bottleneck in which the copy number is decreased. Expansion then occurs in the oocyte. This process allows for selection against mutated DNA. Paternal elimination of mtDNA is another well-known determinant of the mode of mammalian mtDNA inheritance. The organization of mtDNA in nucleoids may also be important in this context (11) .
OUTLOOK
The impressive scientific achievements reviewed in these articles on mitochondrial gene expression rest on research that started more than 120 years ago. Mitochondria were discovered by light microscopy of living cells and proposed to represent semiautonomous organelles. In the early 1950s, the ultrastructure of mitochondria was revealed by electron microscopy. At the same time, non-Mendelian inheritance was linked to mitochondria. These findings were followed by the biochemical dissection of mitochondria, which again led to the discovery that mitochondria are the cellular compartment of energy transduction and of a large set of metabolic processes. On the basis of these insights, the atomic structures of the complexes of oxidative phosphorylation were obtained. Simultaneously, genetics and biogenesis of mitochondria became major fields of research. All these achievements have opened many new avenues of research on mitochondria.
Recent research on prevalent diseases has revealed the involvement of mitochondria in many cellular processes to an unexpected extent. Mitochondria take part in many of the largely unexplored and intricate networks that link the various cellular compartments. Mitochondria are separated by two membranes from the cytosol, but they communicate by virtue of a vast number of proteins that mediate specific transport or passage across these barriers. Mitochondria also interact by physical contact sites with other organelles. An exciting aspect in this context is the recent impressive achievements in the molecular understanding of the role of mitochondrial Ca 2+ in regulating cellular metabolism. The article by De Stefani et al. (12) provides a lucid and comprehensive account of these developments. It is quite possible that signaling by Ca 2+ is linked to mitochondrial gene expression and biogenesis. The structure and function of mitochondria in different cells, tissues, and organisms show striking variation. The pathways involved in generating mitochondrial diversity are almost completely unknown. Likewise, very little is known about the intimate relationship between mitochondrial architecture and function. Regulation of mitochondrial gene expression will be a wide field of research during the coming decades.
